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Chronic infection with HIV type 1 is associated with alterations in macronutrient metabolism, specifically elevated plasma lipids, glucose and reduced insulin sensitivity. These alterations are most severe in patients at the later stages of AIDS, indicating a relationship with disease progression. Recently, a metabolic syndrome, termed lipodystrophy, has been described in successfully-treated HIV patients in whom the altered macronutrient metabolism of HIV infection appears to be amplified markedly, with concurrent alterations in adipose tissue patterning. This syndrome presents a paradox, as before the development of highly-active antiretroviral therapy (HAART) the most severe perturbations in metabolism were observed in the sickest patients. Now, the patients that respond well to therapy are showing metabolic perturbations much greater than those seen before. The implications of this syndrome are that, whilst life expectancy may be increased by reducing viral load, there are concomitant increases in the risk of cardiovascular disease, diabetes and pancreatitis within this patient population. The aetiology of the syndrome remains unclear. In a collaborative trial with the Chelsea and Westminster Hospital in London we have used stable-isotope-labelled fatty acids to examine the hypothesis that treatment with HAART causes a delayed clearance of dietary lipid from the circulation, resulting in the retention of lipid within plasma and the downstream changes in insulin and glucose homeostasis. This hypothesis would indicate a role for low-fat diets, exercise and drugs that reduce plasma lipid or insulin resistance, in modulating the response to antiretroviral therapy in HIV infection.
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HAART, highly-active antiretroviral therapy; LPL, lipoprotein lipase; NEFA, non-esterified fatty acids; NRTI, nucleoside reverse transcriptase inhibitor; TAG , triacylglycerols.
In vivo nutrient partitioning is the key behind the efficient use of the nutrients present within the diet, so that the integration of exogenous and endogenous substrates allows the continued growth and renewal of the body at the tissue, cell and molecular levels. In situations where this nutrient partitioning is disturbed, an opportunity exists to study how this integrated system works, and to identify therapies to target specific parts of the system. Chronic infection presents such an opportunity, as HIV disease progression is known to be associated with alterations in the metabolic competence of macronutrient partitioning, along with profound changes in body composition, most notably wasting with reductions in both lean body mass and fat mass (Kotler & Heymsfield, 1998) . In the UK alone there have been approximately 55 000 cases of HIV infection, with another seven new cases reported each day (Terrence Higgins Trust, 2001 ). The management of this disease has altered dramatically over the past 10 years, with the development of new antiretroviral drugs, a better understanding of the disease process, monitoring of drug resistance and better medications for the treatment of HIV-associated illnesses. In light of these changes the focus of HIV patient management has altered from treating immediate problems to concerns about longer-term health issues, due to increased life expectancy in this population. In order to combat the wasting classically associated with disease progression and poor clinical outcome, the traditional nutrition advice to a patient would be to maintain energy intake, probably through the use of energy-dense high-fat foods. However, it now appears that the combination of antiretroviral drugs used to treat HIV infection is associated with a further disturbance in metabolic competence, resulting in elevated plasma lipids, insulin and glucose, not dissimilar to that observed in non-insulin-dependent diabetes mellitus and syndrome X. Thus, it is prudent to review the alterations in nutrient partitioning that occur within this patient population, using evidence from detailed metabolic studies to determine both the most appropriate nutritional advice and the potential for nutritional or pharmaceutical intervention to modulate the side effects of these life-maintaining therapies. In using this model to better understand effective nutrient partitioning, some insight may be gained that will aid the management of many diseases where an impaired and inefficient nutrient partitioning appears to be the primary or secondary pathology.
HIV infection and metabolic control
Hypertriacylglycerolaemia, defined as a fasting plasma triacylglycerol (TAG) of > 2·3 mmol/l (Tikkanen, 1992) , predominantly due to increased VLDL, is prevalent in AIDS and is positively correlated with the cytokine interferon-α (Grunfeld & Feingold, 1991 Constans et al. 1994) . Interferon-α also shows a positive correlation with decreased TAG clearance (Grunfeld et al. 1992) and increased fasting hepatic synthesis of fatty acids (Hellerstein et al. 1993) . However, it is not known if interferon-α directly induces hypertriacylglycerolaemia or is a marker for the immune system and possibly other cytokines (Grunfeld & Feingold, 1991) . Some research groups have shown that a less profound hypertriacylglycerolaemia exists in asymptomatic HIV infection in comparison with healthy controls (Hellerstein et al. 1993) . However, other researchers state that hypertriacylglycerolaemia is only present in the advanced symptomatic stages of infection (AIDS), and has an inverse correlation with CD4 T-cell count (Gomez-Sirvent et al. 1994; Christeff et al. 1995) and a positive correlation with β2-macroglobulin and tumour necrosis factor α (Fernandez-Miranda et al. 1998) . Dietary fish oil has been shown to alter the cytokines released by lymphocytes during HIV infection (Bell et al. 1996) , although the implications of this change on lipid metabolism are unknown. Given the known roles of specific fatty acids in immune activation (Calder, 1996) and cytokine production (Endres, 1993; Endres et al. 1989; Meydani et al. 1991) , there may be an opportunity to modulate both these metabolic perturbations and the immune response to chronic infection through nutritional intervention.
In vitro studies show that HIV destroys host T-cells via a reduced host phospholipid synthesis and an increased neutral lipid synthesis, producing changes in host-cell membrane permeability similar to the action of paramyxoviruses (Cloyd et al. 1991) . However, the relative contribution of this process to the observed elevations in plasma TAG is unknown. In vivo studies and animal experiments suggest that the marked increases in plasma TAG concentration appear to be primarily due to a combination of: (a) a reduced clearance time of TAG from plasma due to a reduction in endothelial lipoprotein lipase (LPL) enzyme activity (Grunfeld et al. 1991) ; (b) an increase in hepatic fatty acid synthesis (lipogenesis; Hellerstein et al. 1993) ; (c) an increased mobilisation of free fatty acids from peripheral adipocytes by lipolysis (Feingold et al. 1990; Mulligan et al. 1993) . Plasma non-esterified fatty acid (NEFA) concentration may be elevated or reduced compared with controls, depending on the stage of infection and the individual's nutritional status (Nunez & Christeff, 1994) . The oxidation of fatty acids is also increased in HIV infection (Hommes et al. 1991; Mulligan et al. 1993) , although whether this increase is due to the virus, the elevated plasma TAG concentration or increased NEFA flux remains unclear. Plasma cholesterol (Grunfeld et al. 1992) and phospholipid (Klein et al. 1992 ) concentrations tend to be lower in HIV-infected subjects compared with healthy controls. Polyunsaturated fatty acids (PUFA) were found to decrease in erythrocyte membranes of AIDS patients, and a correlation was found with both elevated malondialdehyde concentration (the endproduct of lipid peroxidation) and a CD4 count of < 50 cells/mm 3 (Constans et al. 1995) . Reduced concentrations of antioxidants such as Se, vitamin A (Sappey et al. 1994; Constans et al. 1995) , glutathione (Jahoor et al. 1999) and vitamin E (Pacht et al. 1997 ) have also been found in plasma of HIV-infected patients compared with healthy controls.
The mechanism by which HIV infection induces these alterations in lipid metabolism remains unknown. In addition, the further elevations of plasma TAG with the progression of HIV infection to symptomatic AIDS would suggest a positive relationship between the extent of viral burden and plasma TAG. However, in HIV-infected individuals with elevated viral load effective and rapid reduction in viraemia through administration of highlyactive antiretroviral therapy (HAART) has been shown, in some cases, to increase plasma TAG (Carr et al. 1998) and not to reduce lipids within the circulation, as would be expected.
Antiretroviral therapy and the metabolic syndrome
The development of this metabolic syndrome (termed lipodystrophy due to alterations in body fat distribution) in successfully-treated HIV patients creates a paradox. In these patients a combination of HAART is used to effectively reduce viral burden and allow partial immune reconstitution, resulting in a better prognosis for the patient in terms of their HIV disease . However, the metabolic complications associated with chronic infection appear to be exacerbated, resulting in much higher levels of plasma lipid, with reduced glucose tolerance and insulin sensitivity (Batterham et al. 2000; Carr & Cooper, 2000) , in addition to a loss of subcutaneous adipose tissue and increased visceral adiposity in some patients (Silva et al. 1998) . These morphological and metabolic changes are reported in up to 84% of patients with long-term HAART use (Carr et al. 1999) . The implications of these alterations, in conjunction with increased life expectancy, are the increasing risk of cardiovascular disease (Koppel, 2000; Mercie, 2000) , diabetes (Meyer et al. 1998; Carr et al. 1999 ) and pancreatitis (Sullivan et al. 1998) within this patient population. Furthermore, patients with this change in body habitus develop a disinclination to continue therapy, which dramatically reduces life expectancy.
Many theories have been put forward to explain how these antiretroviral drugs could be directly responsible for the development of this metabolic syndrome, and there appear, currently, to be two primary schools of thought. The first theory is that the viral protease against which the protease inhibitor drugs are targeted shares an extent of structural homology with specific host proteins involved in adipocyte function (cis-retinoic acid binding protein) and lipid metabolism (lipoprotein receptor-related protein), and that these proteins are also targets of the protease inhibitor drugs (Carr et al. 1998 (Carr et al. , 1999 . The second major theory is that the nucleoside reverse transcriptase inhibitor (NRTI) drugs are phosphorylated intracellularly to the nucleoside triphosphate form, and incorporated into mitochondrial DNA in the process of mitochondrial replication. Consequently, chain elongation is interrupted, due to the lack of the hydroxyl group on the synthetic nucleoside, resulting in reduced mitochondrial numbers and increased mutations and, therefore, reduced function and inappropriate oxidation of fatty acids and glucose (Brinkman et al. 1998 (Brinkman et al. , 1999 . However, there have been no detailed metabolic studies conducted to support or refute either of the principal hypotheses. In addition, it also remains unclear whether the metabolic syndrome is entirely due to a direct effect of the antiretroviral drugs. There does appear to be a synergistic interaction between PI and other HAART drug classes (Carr & Cooper, 2000; Mallal et al. 2000) . It is unknown whether the metabolic changes (a) precede or result from the morphological alterations, (b) are a direct side effect of the drugs, or (c) are indirectly related to HAART and unmasked by reducing viral replication or promoting partial immune reconstitution. These abnormalities are unlikely to be a direct effect of HIV type 1, as the syndrome occurs in the presence of effective viral suppression and independently of any relationship with viral load. However, the primary changes with HAART initiation, as shown directly by studies in HIV-negative healthy subjects, appear to be elevated plasma lipids (Sullivan et al. 1998; Purnell et al. 1999) and reduced insulin sensitivity (Noor et al. 2001) . These early metabolic changes were largely ignored in the HIV-positive population until the more obvious complex changes in fat distribution within the body were recognised. The disturbance in lipid metabolism may be so profound as to result in marked elevations in fasting plasma TAG concentration, sometimes in excess of 50 mmol/l; values far greater than those observed in classical dyslipidaemias such as NIDDM (Taskinen, 1995) .
Lipid partitioning in healthy individuals
In a healthy individual with good metabolic competence, consuming even fatty meals results in a minimal excursion of plasma TAG concentration during the postprandial period, due to effective clearance of the dietary lipid from the plasma compartment. Effective clearance is a balance between lipoprotein-TAG hydrolysis and peripheral or hepatic fatty acid uptake. In the circulation the TAG-rich lipoprotein is exposed to hydrolysis and release of the dietary TAG by the enzyme LPL, which is stimulated by insulin (Frayn et al. 1994 ). This enzyme is particularly abundant on the vascular endothelial surface of adipocytes and skeletal muscle cells, and is attached to the surface by a heparin stalk. Chylomicrons containing lipid from the diet have been shown in vitro to have a higher binding affinity for the LPL enzyme than VLDL (Xiang et al. 1999) . Following LPL action the generated free fatty acids can be taken up by the adipocyte or skeletal muscle cell. This process is thought to be a carrier-mediated process involving specific fatty acid-binding proteins, fatty acid translocase and fatty acid transport protein (Turcott et al. 1997) , and is known as entrapment (Fig. 1) . The efficiency with which the cell entraps the fatty acids determines how much free fatty acid remains in the circulation. The fatty acids that are not taken up by the cell bind to the protein albumin in the circulation to become NEFAs. A lipoprotein remnant is also formed following LPL action. Fatty acids that are taken up by the cell can either be oxidised to produce energy, or re-esterified to TAG and stored for later use. The integration of the intracellular pathways of fatty acid metabolism with the mechanisms of fatty acid uptake and fatty acid generation through TAG hydrolysis remain unclear. 
